Introduction 55
Traits influencing the informational underpinnings of metabolism may be crucial to performance 56 and community assembly, but ecologists have largely focused instead on the energetic and 57 stoichiometric features of metabolism (Leal et al., 2017; Sibly et al., 2012; Sterner and Elser, 2002) . views on the evolutionary ecology of bacteria genome size (e.g., DeLong et al., 2010; versus Vieira-150 Silva et al., 2010) (see SOM Box S1). More work is also necessary to develop a less fragmented 151 understanding of the evolutionary and physiological ecology of these genomic traits (Bentley and 152 Parkhill, 2004; Freilich et al., 2009 ; Vieira-Silva and and their role in community 153 assembly across a wide range of organisms and environments. Existing work also only tends to look 154 at one or two of these traits at a time (Allen et al., 2012; Raes et al., 2007) . Importantly, most 155 ecological studies of these traits have been based on studies of microbial isolates, comparative most microbial taxa are uncultivable in isolation (Ho et al., 2017) , and that community traits can 161 have widely different responses to temporal/experimental versus geographic variation in abiotic 162 variables (e.g., Sandel et al., 2010) , direct experimentation in the field with complex communities is 163 required to better establish the validity of inferences about these purported molecular adaptations 164 for ecological dynamics in nature. 165 Our study site is Lagunita, an oligotrophic, highly P-deficient pond in Cuatro Ciénegas, 166 Mexico (Lee et al., 2015 (Lee et al., , 2017 . Because of its strong nutrient limitation, this ecosystem offers a 167 useful setting for a fertilization experiment to test these ideas. In this study, we use metagenomic 168 sequencing to evaluate the predictions made above for the role of each trait in governing organismal 169 responses to nutrient enrichment. Our study is noteworthy as one of the first whole-ecosystem 170 experiments involving experiment-level replicated metagenomic assessments of community response. If atmosphere and sediments. Each mesocosm's water column was gently mixed periodically during 197 our regular sampling (described below). Thus, with exposure to both the air and the bottom 198 sediments, the unenriched mesocosms were essentially cylindrical "cross-sections" of the ecosystem.
199
The 41-L volume is a typical size for an aquatic mesocosm (e.g., see review of 350 mesocosms by 200 Petersen et al., 1999) and appropriate for microbial studies, encompassing on the order of 30 billion 201 prokaryotic cells (estimated from our cell counts). The pond itself (but not the mesocosms) was 202 fertilized every 3-4 days to maintain PO4 3concentration in the water elevated at 1 uM (as KH2PO4) 203 (SI). We also added NH4NO3 along with the PO4 3to achieve and maintain a 16:1 (molar) N:P ratio 204 in situ (SI). Fertilizer was added by mixing fertilizer solution with ~2 L pond water and broadcasting 205 the mixture into all regions of the pond. 206 We thus performed a sustained whole-ecosystem fertilization with replicate internal 207 unfertilized mesocosms to serve as reference systems. Whole-ecosystem manipulation assures that 208 any experimental responses are ecologically relevant as the system manipulated encompasses the full 209 scale and scope of ecosystem processes that might modulate that response (Carpenter, 1998) . Such a 210 whole-ecosystem approach can be especially powerful when coupled to appropriate reference 211 systems. Although our internal unfertilized mesocosms were smaller than the surrounding fertilized 212 pond, we consider them to be pertinent references for investigating the role of genomic traits in 213 community assembly under differing nutrient conditions for several theoretical, empirical, practical, 214 and ethical reasons. While replicate ecosystems for fertilization would be preferred, the availability of 215 multiple ponds at Cuatro Cienegas for such experimentation is extremely limited given the basin's 216 arid nature. Indeed, true replication of whole-ecosystem manipulations is very rarely achieved. We 217 thus followed the recommendations of Carpenter (1989 Carpenter ( , 1998 : relying on application of a strong 218 experimental treatment applied at the ecosystem scale and informed by previous experimentation 219 (Lee et al., 2017) together with replication of internal reference mesocosms to assess impacts of 220 nutrient fertilization. In this way we maximize the ecological realism of our perturbation by applying 221 it at the ecosystem scale while retaining the ability to compare manipulated dynamics against a 222 benchmark. We prefer a whole-ecosystem fertilization of the pond over fertilizing internal 223 mesocosms within the pond because the smaller enclosures might have provided an artificial view of 224 how microbes respond to a nutrient perturbation at the ecosystem scale.
225
Given the enormous heterogeneity between communities and water chemistry from 226 different sites within the area, as well as ability of microbes to disperse between ponds, using internal 227 reference systems rather than other whole ponds is arguably more informative as it avoids 228 introducing confounding factors related to variation between ponds (such as contrasting microbial 229 communities) and instead introduces just one potentially confounding factor, the difference in size 230 between the unfertilized mesocosms and the fertilized pond. We thus consider our approach to be 231 the scientifically appropriate one for this area. The design is a natural first step from experiments in 232 small, homogenous bottles or bags. Scaling such experiments across multiple ponds/lakes may be a 233 future step for experimental metagenomic research but not a responsible current step for research in 234 the ecologically sensitive Cuatro Cienegas basin area.
235
Field monitoring, sampling, and routine water chemistry: Following initiation of fertilization, the 236 pond and internal unfertilized mesocosms were sampled every 4 days to monitor basic 237 biogeochemical and ecological responses (see SI for water chemistry sampling details). At the end of 238 the experiment (32 days), we sampled for metagenomics: five water samples from the pond itself 239 (fertilized treatment) and one water sample from inside each of the five unfertilized internal 240 mesocosms. It is worth noting that, given the substantial seasonal changes in temperatures and water 241 chemistry, we think comparing metagenomic data of the pond pre-fertilization to the fertilized pond 242 33 days later would be an inappropriate approach for gaining insight into the effects of fertilization.
243
Thus, we focus on comparing post-fertilization metagenome data with temporally matched data 244 from the unfertilized mesocosms.
246
The water inside the mesocosm was gently stirred with a dip net prior to sampling. Sampling 247 involved submerging a 1-L polycarbonate beaker just under the surface of the water. Microbes in the 248 water samples were filtered onto sterile GF/F filters (0.7-µm nominal pore size, Whatman, 249 Piscataway, NJ, USA), frozen immediately in liquid nitrogen, and held at <80° C until laboratory 250 DNA extraction, purification, and sequencing. Given the 0.70 µm pore size, extremely small 251 prokaryotes were not part of our metagenomes and so our results do not apply to these the unfertilized treatment were left out of subsequent analyses because they had sequencing depths 262 less than 20% of the rest of the samples (whose sequencing depth averaged 2.5 x 10 6 reads) and low-263 quality scores. Sequences were phylogenetically annotated using the Automated Phylogenetic
264
Inference System (APIS, SI), which is designed to optimize annotation accuracy (Allen et al., 2012).
265
PCoA was used to visualize a Bray-Curtis distance matrix of the APIS annotations. Statistics: We used T-tests conservatively assuming unequal variances to evaluate mean 279 differences between treatments. For traits, these tests were one-tailed with the alternative hypothesis 280 based on the predicted differences described in the introduction. General Linear Models with 281 treatment (unfertilized vs fertilized) as a fixed factor were used to determine the amount of variation 282 (R 2 ) in traits explained by treatment. Numbers of tRNA genes and rRNA operons were log-283 transformed before these analyses to improve normality. We also employed single-tailed Poisson 284 rate tests to examine differences in the numbers of rRNA operons and tRNA genes, as the Poisson 285 rate test provides a more powerful test than the T-test for examining differences in the per sequence 286 rate of occurrences of tRNA genes and rRNA operons between treatments (SI). Two-sided Bonett's 287 tests were used to test for treatment effects on variance between samples of community-level traits.
288
Kolmogorov-Smirnoff tests were conducted to evaluate whether or not within-sample distributions 289 of ENC and ENC' values of ribosomal protein gene sequences differ between treatments. Finally, 290 we examined how well nutrient enrichment predicted the covariation of these genomic traits along a 291 single axis that quantified molecular adaptiveness to oligotrophic versus copiotrophic conditions. features. Before performing PCA, in order to give equal weight to each trait, variables were first 295 standardized by subtracting means and dividing standard deviations. 296 We consider a type I error rate of = 0.10 to provide an appropriate balance between type 297 I and type II error for this study, because this study represents one of the first ecological 298 experiments with metagenomics and, due to conservation considerations and field logistic 299 limitations of time and space within the pond, we had limited replication. In doing so we adopt a 300 modern, balanced approach to the use of frequency statistics in science that aims to avoid over-301 reliance on significance levels and p-values in judging scientific results (Carver, 1993; Halsey et al., 302 2015; Rothman, 2016) . 303 We focus on the community response of these genomic traits to varying nutrient conditions, 304 rather than on a detailed natural history of the phylogenetic composition of the community, not only 305 because we are interested in integrating genomic traits with trait-based and microbial ecology but DNA sequence assembly introduces a bias, as clonal populations with even low coverage assemble 314 very well while high abundance populations with strain diversity will not assemble well. 
Results

317
Biomass and chlorophyll a concentrations increased substantially in response to nutrient enrichment 318 (biomass: 198% mean increase, P =0.009; chlorophyll a: 831% mean increase, P =0.001, Fig. S1 ), 319 indicating that the pond's autotrophic biota were nutrient-limited and that our treatment was 320 successful in stimulating growth. The ratio of phosphorus to carbon (P:C) of seston biomass 321 increased with fertilization (P =0.014, Fig 1A) , providing additional evidence that organisms in the 322 fertilized treatment had higher growth rates, since high P:C is associated with increased P-limited 323 growth rate due to increased allocation to P-rich RNA required for augmented rates of biosynthesis 324 (Elser et al., 2000) .
325
The percentages of Bacteria, Archaea, Eukarya, and viruses making up the communities were 326 not discernibly different between unfertilized and fertilized treatments (P =0.46, 0.37, 0.39, 0.21, 327 respectively). In Bacteria and Eukarya, the percentages varied relatively little between samples within 328 and across treatments (R 2 = 9.6% and 13.5%, respectively). In Archaea and viruses, the mean 329 percentages were substantially different between treatments (43 and 46% lower mean percentages in 330 the fertilized treatment compared to the unfertilized treatment, respectively), but due to the high 331 within-treatment variance, treatment explained limited variation in the relative abundances of these 332 domains (R 2 = 14% and 27%, respectively). The mean relative abundances in the unfertilized versus 333 fertilized treatments were, respectively, 94% versus 93% in Bacteria, 6.0% versus 6.6% in Eukarya, 334 0.40% versus 0.23% in Archaea, and 0.05% versus 0.03% in viruses. Thus, Bacteria dominated the 335 communities in both treatments. However, as expected, nutrient enrichment altered microbial 336 community composition at a finer phylogenetic resolution, as indicated by the PCoA plot of 337 community phylogenetic composition (based on the APIS analyses; Fig. S2 ) and supported by 338 statistical analysis: the PcoA scores from a two-dimensional analysis differed between treatments 339 (first dimension: R 2 = 45.6%, P =0.096; second dimension: R 2 = 51.3%, P = 0.070) and several 340 taxonomic groups changed in abundance with fertilization ( Fig. S3 and S4, all P < 0.01). Our results 341 thus confirm the rarity of microbial Eukarya in the pond and show modest changes in the group's 342 relative abundance between treatments, indicating that the tRNA counts and our other 343 bioinformatic analyses reflect mostly the response in bacteria.
344
Accompanying changes in fine-scale phylogenetic structure, we observed changes in several 345 components of the genomic signatures of growth and trophic strategy (Fig. 1 ). Consistent with a 346 priori predictions, mean estimated genome size of bacteria was 25% higher in the fertilized treatment 347 (P =0.011), with nutrient enrichment explaining 75% of the variation between samples in mean 348 genome size ( Fig. 1 ). GC content of open reading frames was 9.9% higher in the fertilized treatment 349 54% compared to 49% in the unfertilized treatment (P =0.007, R 2 = 86%; ENCp program).
350
Consistent with predictions, genomic features indicative of adaptations for maintaining high 351 rates of transcription and translation were also positively associated with fertilization. The per 352 sequence occurrence rate of tRNA genes, and the total number of tRNA genes per community were 353 93% and 64% higher, respectively, in the fertilized treatment (P < 0.001 and P =0.065 with R 2 = 354 53%, respectively), and the residuals were also higher after accounting for the correlation between 355 log number of tRNA genes and log total number of reads per sample to control for differences in 356 sequencing depth (P =0.087, R 2 = 52%). Likewise, the per sequence occurrence rate of 16S rRNA 357 genes and total number of rRNA operons per community were 119% and 86% higher, respectively, 358 in the fertilized treatment (P < 0.001 and P =0.096 with R 2 = 50%, respectively), and the residuals 359 after regressing log number of rRNA operons versus log total number of reads per sample were also 360 significantly higher (P =0.038, R 2 = 52%). Fertilization explained 65% of the co-variation in these 361 two traits (number of rRNA operons and tRNA genes) along a single axis, which was quantified by Table S1 ). Variance in genome size and mean and median ENC also 378 decreased substantially by factors of 10, 10, and 6, respectively but these responses are less certain 379 (genome size, P = 0.174; mean ENC: P = 0.169; median ENC: P = 0.275; Table S1 ). In contrast, 380 variance in the log-transformed number of tRNA genes and rRNA operons substantially increased 381 with fertilization, by 846% and 655% respectively (rRNA, P < 0.001; tRNA, P =0.013), while GC 382 content variance did not appear to exhibit any change (P =0.56; Table S1 ).
383
Finally, we examined how well nutrient enrichment predicted the covariation of these Our fertilization study demonstrated strong nutrient limitation in the Lagunita ecosystem, as 391 manifested by increased biomass, chlorophyll content, and P:C ratios of suspended biomass in the 392 fertilized pond versus the unenriched mesocosms. Using metagenomics, we report strong 393 differences in microbial traits between fertilized and unfertilized treatments. We interpret these trait 394 differences as reflecting differences in the growth and nutrient conditions of the two treatments 395 rather than the difference in volume of the treatments, since the trait differences agree with all five 396 of our directional predictions and there are no obvious reasons or existing theoretical work to 397 indicate that the difference in habitat size between treatments should lead to the observed trait 398 differences. Conservationists and ecologists should have an involved discourse in order to deliberate 399 as to whether it is worth conducting future research to verify this interpretation by performing much 400 larger experiments across multiple ponds (with wider environmental impacts). We also interpret 401 these differences primarily as reflecting ecological dynamics -the differential success of lineages 402 present within the pond and colonization of other lineages-rather than microevolutionary changes 403 within populations, because the relative short time period of our experiment (32 days) encompasses 404 a relatively low maximum number of generations of replication (SI) and so limited opportunity for 405 measurable phenotypic evolution (e.g., Lenski and Travisano, 1994) . 406 Overall, our study suggests that ecologically-significant phenotypic information about 407 communities can be uncovered using a read-based approach (metagenomics) that leverages the 408 relevant abundance and DNA characteristics of conserved genetic elements. Importantly, this 409 approach avoids the biases associated with the massive gaps present in microbial taxonomic An oligotrophy-copiotrophy selection gradient in information-processing traits. Our genomic data (Figures 1-2 ) 414 provide experimental evidence supporting all five of the directional predictions discussed in the 415 introduction. The congruence of all trait responses with these predictions suggests a role for 416 information-processing traits in community assembly and the geographic distribution of taxa.
417
Compared to the unenriched reference systems, in the enriched pond we saw increased codon usage 418 bias towards more efficient and precise translation ( Fig. 1E and 2) . We also saw an increase in the 419 number of rRNA and tRNA genes, reflecting increased abundances of taxa with increased 420 translational capacity for rapid growth. Such a result, in conjunction with the observed increase in 421 the biomass P:C ratio, supports the "Growth Rate Hypothesis"-that fast-growing cells should have 422 higher P-contents due to requiring higher concentrations of P-rich ribosomal RNA (Elser et al., 423 2000). Mean genome size was higher in the fertilized pond, reflecting the need to encode the larger 424 array of genes needed to support production of a large translational and catabolic capacity in faster 425 growing cells and the need to maintain a streamlined genome requiring minimal resources for 426 maintenance and replication in nutrient-poor conditions (Fig. 1B ). GC content also increased under 427 fertilization, consistent with reduced relative abundances of oligotrophic taxa that maintain low GC-428 content as a resource conservation strategy (Fig. 1F ).
429
Nutrient enrichment explained 50% or more of the variation in each trait and 88% of the co-430 variation of these five traits along a single statistical dimension that quantifies the oligotrophy-431 copiotrophy adaptation continuum (Fig. 3) . In contrast with Vieira-Silva and Rocha (2010), who 432 found no significant interspecific correlation of the traits GC content and genome size with Variance changes in the genomic traits. We also observed changes in the variances in several community 449 level traits (Table 1) . As the direction of these changes differed among the traits in response to 450 enrichment, the variance responses do not simply reflect potential for increased dispersal limitation 451 between unfertilized mesocosms compared to enriched pond samples (see Methods). Instead, all-else-452 being equal, they suggest the strength of a trait's role in mediating community assembly (i.e., in 453 filtering the community) is different between unenriched and enriched treatments. The significant 454 reduction in variance levels of P:C ratio and codon usage bias in response to fertilization suggest 455 these traits play a stronger role in community assembly in the fertilized treatment, as discussed 456 earlier. In contrast, the increased variance in rRNA operon and tRNA gene numbers in response to 457 fertilization suggests a stronger, more consistent community assembly role for these traits in 458 oligotrophic conditions. The augmented P and N requirements of taxa having high rRNA and tRNA 459 gene copy numbers, which tend to maintain larger pools of ribosomes and other transcription 460 machinery, may be particularly detrimental in oligotrophic conditions (Stevenson and Schmidt, 461 2004). In nutrient-rich conditions, on the other hand, some organisms may still do well even with 462 fairly low numbers of these genes, for example: by having multiple genome copies; by mechanisms 463 involving increasing concentrations and improved kinetics of RNA polymerase, rRNA and tRNA; 464 or by having specialized niches that support only low growth rates, regardless of an organism's 465 rRNA operon copy number or the bulk phosphorus status of the ecosystem. 466 In contrast to shifts in variance observed for these traits, we observed no change in variance 467 in GC content between treatments. Apparently, there is environmental filtering for low GC content 
498
By applying a trait-based framework to metagenomics data from a replicated field 499 experiment, we uncovered universal genomic traits that play an important role in governing the 500 response of communities to altered growth and trophic conditions. We found that cells that 501 dominate under nutrient-enriched conditions have increased capacities for information processing, 502 whereas those found in oligotrophic conditions had genomic traits with reduced costs for 503 information processing. Thus, all three core components of metabolism-information, energy, and 504 material requirements and transformations-must be closely fine-tuned to the growth and trophic 505 strategy of a microorganism. Figure 1 . Community-level trait responses to nutrient enrichment. As predicted, each information 753 processing trait was higher in the fertilized treatment (Fert) versus the unfertilized treatment (Con).
754
Because the faster growing organisms generally have more P-rich ribosomes, seston P:C ratio also Box S1. Further background on the genomic traits 789 Copy number of highly expressed genes essential to biosynthesis. In order to grow 790 quickly, organisms must be able to transcribe genes, translate mRNA, and synthesize proteins at a 791 sufficiently fast rate. Since ribosomes catalyze protein synthesis, increased capacity to replenish Furthermore, a consequence of faster growing organisms having to have larger cellular 804 quotas of rRNA is that they should tend to have higher phosphorus contents (Elser et al., 2003, 805 1996; Makino et al., 2003) , since rRNA is phosphorus rich, and thus require more phosphorus-rich 806 resources in order to build these rRNA pools. These observations, known as the "growth rate There are several non-mutually exclusive reasons why genome size may be correlated with 828 growth rate and response to fertilization. For one, because DNA is P-rich, large genome-sized 829 organisms require more phosphorus to maintain and replicate their genomes and so they have 830 greater difficulty than small genome size species in obtaining sufficient amounts of P in oligotrophic, 831 P-limited environments. Larger genome-species also tend to have to have larger cells, leading to, on 832 average, decreased surface-to-area-volume ratios, which in turn puts larger cells at a disadvantage for 833 obtaining sufficient nutrients (Okie, 2013) . Genome size also affects the size, structure and function 834 of metabolic networks of organisms by allowing for a greater diversity of enzymes, a higher diversity 835 of metabolic pathways, and enhanced metabolic multi-functionality, which may affect an organism's 836 ability to take up a variety of substrates, the speed of resource uptake and transformation, and the Here we extend this explanation to include extremely oligotrophic genomes as similarly susceptible 857 to these evolutionary forces as parasites and symbionts, and thus propose that an emergent 858 consequence of these effects should be a positive association between GC content and growth rate.
859
Suggestive support for this possibility is provided by the observation that GC content tends to be Churince's geochemistry, Lagunita waters are high in conductivity and dominated by Ca 2+ , SO4 2-, and 899 CO3 2- (Lee et al., 2015 (Lee et al., , 2017 . Evaporation rates are high and Lagunita's volume is strongly reduced 900 during summer. During the experiment, maximum water depth in Lagunita began at 32 cm and 901 declined to 12 cm by the experiment's end. The pond's N:P stoichiometry is highly imbalanced, with 902 an average molar TN:TP ratio of 122, indicative of strong P limitation, as previously demonstrated 903 in this system during a mesocosm experiment completed in 2011 (Lee et al., 2015 (Lee et al., , 2017 . 
918
The fertilization procedure was based on a previous mesocosm experiment in Lagunita that 919 produced major shifts in microbial biomass and species composition in the water column (Lee et al., 920 2015, 2017). Prior to sampling, a morphometric map of the pond was created, allowing us to 921 estimate the pond's water volume and adjust that volume estimate as water depth changed. Based on 922 the pond's volume, we fertilized to increase PO4 concentration in the water by 1 uM (as KH2PO4).
923
As in one of the treatments in Lee et al. (2015) , we also added NH4NO3 in a 16:1 (molar) N:P ratio 924 with the added P. The soluble reactive phosphorus (SRP) concentration of the pond was then 925 measured every 3-4 days (see Routine water chemistry), after which we added sufficient KH2PO4 to 926 bring the pond's in situ concentration back to 1 uM, along with the appropriate amount of NH4NO3 927 to achieve a 16:1 molar ratio. Fertilizer was added by mixing fertilizer solution with ~2 L pond water 928 and broadcasting the mixture into all regions of the pond. 
